Abstract-Narrowband Internet of Things (NB-IoT) was introduced by 3GPP in low power wide area network to support low power and wide coverage applications. Since it follows long term evolution standard, its signal quality is guaranteed and its deployment is straightforward via reusing existing infrastructures. Current NB-IoT supports low data rate services via using low order modulation formats for the purpose of power saving. However, with the increase of data rate driven applications, next generation NB-IoT would require data rate enhancement techniques without consuming extra battery power. In this paper, a downlink framework, using a nonorthogonal signal waveform for next generation enhanced NB-IoT (eNB-IoT), is proposed and experimentally tested in both single-antenna and multiantenna systems. In the single-antenna scenario, waveform precoding is used to pre-equalize the self-created inter carrier interference distorted signal waveform. For the multiantenna multiuser scenario, both waveform and antenna space precoding have to be used. Measured results show that in both single-antenna and multiantenna systems, the proposed signal waveform in eNB-IoT can increase data rate by ∼11% compared with NB-IoT occupying the same spectral resource in similar receiver computational complexity.
either multicarrier waveform or single-tone waveform. Due to its narrow band characteristic, NB-IoT can cover a wide communication range [5] . NB-IoT has been standardized and its commercialized chip has been released with a reasonable price. However, with the ever-increasing requirements and the need to accommodate emerging applications, existing NB-IoT is approaching its limit owing to a number of factors.
1) Pressure of massive IoT data. More IoT devices are being connected in networks due to emerging applications. 2) Shortage of spectral resources. Each NB-IoT signal occupies bandwidth of 180 kHz, and this is becoming a limiting factor to NB-IoT. 3) Insufficient data rate. Maximum modulation format in NB-IoT is quadrature phase-shift keying (QPSK), which is not sufficient for data rate driven applications. 4) High power consumption. To achieve a wide signal coverage, repetitive transmission is employed but with the challenge of extra power consumption. Therefore, the upgrade to next generation enhanced NBIoT (eNB-IoT) is necessary. In order to enhance existing NB-IoT, it is crucial to develop new spectrum and power efficient communication techniques. Waveform design is an efficient solution to lead the narrowband 5G. Previous work in [6] [7] [8] [9] has presented solutions for eNB-IoT using spectrally efficient frequency division multiplexing (SEFDM) [6] , HalfSinc [7] , and fast-orthogonal frequency division multiplexing (Fast-OFDM) [8] , [9] nonorthogonal signal waveforms and brings benefits against conventional orthogonal frequency division multiplexing (OFDM), such as follows.
1) Improve data rate without upgrading modulation formats [6] , [7] . 2) Double the number of connected IoT devices without occupying extra spectral resources [8] . 3) Extend signal coverage using a power efficient waveform scheduling scheme [9] . Applications of SEFDM have been explored in different areas, such as visible light communication [10] , [11] , optical systems [12] [13] [14] , mm-wave [15] , spectral and energy efficiency [16] , and capacity gains [17] . However, due to the nonorthogonally packed subcarriers in SEFDM, self-created inter carrier interference (ICI) is introduced and power consuming signal processing is required at the receiver. Therefore, it is suitable for uplink channel since the signal processing is at base stations [6] . For downlink channels, this necessitates extra receive processing at the IoT devices which renders it This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ impractical. Battery power is a critical factor in NB-IoT. As surveyed by [18] , the battery life of an NB-IoT device is designed to last at least ten years without battery replacement. In this case, each device has to be designed power efficiently. Therefore, the signal processing has to be as simple as possible. Thus, in order to evolve to narrowband 5G for the downlink channel, power efficient precoding techniques have to be used together with waveform design. This paper details the design and testing of the nonorthogonal SEFDM waveform in both single-antenna and multiantenna systems to enhance the downlink data rate for next generation eNB-IoT. A joint two-stage waveform and space precoding architecture is proposed. The waveform precoding is to pre-equalize the self-created ICI within the waveform and the space precoding is to precancel the multiantenna multiuser spatial interference. This paper practically sets up a world-first real-time multiantenna multiuser nonorthogonal waveform IoT experiment operating on a realistic over-the-air multiple input multiple output (MIMO)-SEFDM transmission link. Measured results, on a software defined radio (SDR) testbed, verifies that the waveform precoding and space precoding can efficiently precancel waveform interference and antenna spatial interference at the transmitter, respectively. Moreover, the collected data from the MIMO-SEFDM SDR testbed demonstrates that the proposed nonorthogonal waveform for eNB-IoT can increase data rate by ∼11% than NB-IoT while occupying the same spectral resource and in the similar receiver computational complexity.
II. WAVEFORM DESIGN AND ITS BENEFITS
There are mainly two groups of nonorthogonal waveforms. One is the bandwidth compressed multicarrier waveform including Fast-OFDM [19] , SEFDM [20] , and Half-Sinc [7] . The other one is the out-of-band power suppression waveform including filterbank-based multicarrier [21] , generalized frequency division multiplexing [22] , and universal-filtered multicarrier [23] . The first group focuses on compressing occupied spectral bandwidth while maintaining the same data rate or occupying the same spectral bandwidth but with improved data rate. The second group can suppress the out-of-band power leakage leading to closer signal band packing without co-band interference. This paper focuses on the bandwidth compressed SEFDM waveform since it can be flexibly configured for different applications. In addition, work in [24] verified that the waveform shaping can also be applied to the bandwidth compressed signals.
Subcarrier allocation schemes for both OFDM and SEFDM are illustrated in Fig. 1 . The first figure shows the typical OFDM subcarrier packing scheme, where 12 subcarriers are orthogonally packed with no interference. For SEFDM, two advantages can be achieved in either bandwidth saving or data rate improvement. The original idea of the SEFDM signal waveform is to pack subcarriers closer in the frequency domain, thus signal bandwidth is compressed as shown in Fig. 1 , which is "SEFDM Type-I." Its benefit is to transmit the same amount of data while occupying narrower bandwidth. In this case, the noise power is reduced within a narrower signal Subcarrier allocation schemes for different multicarrier signals. OFDM (12 subcarriers, data rate is R b ). SEFDM Type-I (12 subcarriers, bandwidth compression factor α, data rate is R b ). SEFDM Type-II (12 subcarriers, bandwidth compression factor α, data rate is R b /α).
band and the saved bandwidth could be reserved for extra IoT devices. It should be noted that this paper is aimed at future IoT communications. Therefore, the subcarrier spacing of SEFDM signals may be not consistent with existing 3GPP standards. Based on the Type-I signal waveform, a data rate improved "SEFDM Type-II" waveform is proposed to increase data rate per subcarrier while maintaining the same occupied signal bandwidth. Compared with the OFDM signal waveform, the overall bandwidth is the same while the bandwidth of each subcarrier is wider. In this case, using the same number of subcarriers with a higher data rate per subcarrier, the overall signal data rate is improved. In this paper, we will focus on the SEFDM Type-II signal waveform, which can enhance the data rate for next generation eNB-IoT applications.
A. Signal Waveform Model
In a system with N subcarriers, the discrete SEFDM signal is mathematically represented by
where X k is the kth time sample with k = [1, . . . , N], α = f · T is the bandwidth compression factor, where f denotes the subcarrier spacing and T is the period of one SEFDM symbol. Thus, the percentage of bandwidth saving is equal to (1 − α) × 100%. s n is a complex symbol modulated on the nth subcarrier and (1/ √ N) is a scaling factor. The matrix form of the discrete SEFDM signal is expressed as
where S is an N-dimensional vector of transmitted complex symbols, X is an N-dimensional vector of SEFDM time samples, and F is an N × N subcarrier matrix with elements equal to e (j2π nkα/N) . To simplify the signal waveform modeling, channel effect is not taken into account in the model. Therefore, the transmitted signal is only distorted by additive white Gaussian noise (AWGN) Z. At the receiver, the contaminated signal is demodulated by multiplying with the conjugate subcarrier matrix F * with elements equal to e (−j2π nkα/N) . The demodulation is expressed as
where R is an N-dimensional vector of demodulated symbols, Z F * is the AWGN demodulated by the conjugate subcarrier matrix F * and C is an N × N correlation matrix equals to C = F * F whose elements are defined as
where m,n are indices of two arbitrary subcarriers. The diagonal elements (m = n) indicate constructive auto-correlation while the nondiagonal nonzero elements (m = n) represent destructive cross-correlation ICI.
B. Signal Generation and Demodulation
The signal can be generated directly using (1) at the expense of high computational complexity. However, in order to make use of the efficient inverse fast Fourier transform (IFFT) algorithm, a proper signal generation approach has to be designed for SEFDM.
The basic idea is to pad zeros at the end of each input QAM symbol vector. The length of a new QAM symbol vector becomes M = N/α. Therefore, it is possible to use a single IFFT of length N/α for simplified signal generation. The zero padding is operated as
Therefore, the new form of the SEFDM signal is expressed as
where
The output symbol vector X of a M length is truncated with the first N samples reserved while the rest is discarded. It should be noted that the signal demodulation at the receiver is the reverse operation of the signal generation at the transmitter. Thus, the signal demodulation can be realized efficiently via the zero padding method as well.
C. PAPR Comparison
The dynamic range of a signal determines the dynamic range of a component and peak-to-average power ratio (PAPR) is used to measure the variation of signal power. The cumulative distribution function (CDF) is used as a way to analyze the probability of PAPR being smaller than a predefined threshold γ . Assume a signal x(t) is obtained after the final stage of digital signal processing and the calculation of PAPR is given as
where max|x(t)| 2 
indicates the peak power of the signal x(t), E[.] is the expectation operator and E[|x(t)| 2 ]
denotes the average power. Fig. 2 presents PAPR of four systems using the same number of subcarriers. One system is the typical OFDM with 4QAM modulation format. The other three systems are the SEFDM with 4QAM at different α. Results indicate that the probability of PAPR below and equal the threshold γ of SEFDM is better than that of OFDM. It should be noted that the PAPR performance of SEFDM is improved with the reduction of α.
III. SYSTEM ARCHITECTURES AND PRECODING

A. System Architecture
To simplify signal processing of each IoT device, precoding is used to precancel interference at the transmitter and therefore the signals at each IoT device can be recovered directly. The ICI is known at the transmitter when the SEFDM waveform is deterministically configured. Thus, the simple zero forcing (ZF) [25] waveform precoding method can be used at the transmitter based on the direct ICI matrix inversion. In multiantenna scenarios, multiple antennas will transmit different signals simultaneously resulting in interference to each receiver user. The linear ZF [25] MIMO space precoding can be used for spatial antenna interference cancelation at the transmitter based on the feedback channel state information (CSI).
System architectures for the downlink eNB-IoT in both single-antenna and multiantenna scenarios have to be redesigned with either one-stage precoding or two-stage precoding schemes, as illustrated in Fig. 3 .
In a single-antenna single-user SEFDM eNB-IoT system shown in Fig. 3(a) , a waveform precoding module is used before IFFT to precancel the self-created ICI. For a typical OFDM NB-IoT system, the waveform precoding module is removed since there is no ICI.
In an MU-MIMO-OFDM-based NB-IoT system shown in Fig. 3(b) , an MIMO precoding module is included. For simplicity, we use two antennas and two users for explanation. Each antenna is responsible for one OFDM symbol stream. Thus, two IFFT modules are needed at the transmitter. The data from each antenna will interfere with each other due to the MIMO channel H and each user antenna will receive interfered data from both transmitter antennas. The MIMO precoding module is applied to precancel the antenna spatial interference at the transmitter based on the feedback CSI. Therefore, the user antennas will receive interference free data. The main benefit of this MIMO precoding architecture is that each receiver is simplified and can process data independently. Therefore, it is suitable for downlink IoT scenarios.
For multiuser MIMO (MU-MIMO)-SEFDM-based eNBIoT, as explained in Section II, the resulting interference consists of both antenna spatial interference and the self-created ICI. Following the same system architecture in Fig. 3(b) , antenna spatial interference can be removed but the signal internal ICI still exists. Therefore, a two-stage precoding architecture for eNB-IoT is designed and presented in Fig. 3(c) . The system architecture partially follows the MU-MIMO-OFDM but with a waveform precoding module added before each IFFT. Since the waveform characteristic is predefined in the correlation matrix C, therefore the waveform precoding is operated based on the known correlation matrix without any feedback information from the receiver. Thus, the two-stage precoding can efficiently remove antenna spatial interference and SEFDM waveform internal ICI leading to a simple receiver design for eNB-IoT.
B. Waveform Precoding
The basic principle of the waveform precoding is to precancel waveform self-created ICI. This concept can be used in any waveforms when the waveform characteristic is deterministic. In this paper, we focus on SEFDM, which has predefined self-created ICI information in the matrix C. As is shown in (2), transmitted symbols are modulated on a multicarrier signal via multiplying with the subcarrier matrix F. For the precoding operation, the raw symbols are premultiplied with the inverse of the matrix C before modulation. Therefore, the idea is to equalize the symbols on each subcarrier based on the predefined precoding matrix C p as the following:
Thus, the precoded signalS is defined as
Then the precoded SEFDM signal is expressed as
Following the same operation from (2) to (3), the newly demodulated signal at the receiver is expressed as
whereŜ is the demodulated symbols at the receiver. The precoding operation is similar to the one in MIMO systems [26] . However, the precoding matrix in SEFDM is deterministic and no feedback information is required.
C. MIMO Precoding
To avoid spatial interference from different antennas, we use time orthogonal pilot symbols to measure channel conditions. Since the system is not in a massive size in this paper, the base station will send time orthogonal pilot symbols to multiple users at the same time. Each user will receive their own allocated pilot symbols without co-user interference. Each user independently estimates CSI and sends it back to the base station for precoding.
To explain the precoding operation in a simple way, we assume a two-antenna two-user scenario as illustrated in Fig. 3(b) and (c). The channel matrix H is therefore defined as
The designed time orthogonal pilot symbols are sent from two transmit antennas over two symbol periods. In the first time period, the first antenna sends symbol p 1 while the second antenna sends nothing. In the second time period, the first antenna sends nothing while the second antenna sends symbol p 2 . In this case, spatial interference from two antennas can be avoided. The matrix form of the time orthogonal pilot symbols is expressed as
Thus, the received symbols from two antennas at the receiver are given by
where y 11 and y 12 are the received symbols on the first antenna at the first time period and the second time period, respectively. The two symbols y 21 and y 22 are received on the second antenna. z 1 and z 2 are AWGN on the first and second antennas, respectively. Therefore, we can derive the channel condition information in the following:
Since the antenna spatial informationĤ is estimated, the data symbolsX from two antennas in one time period are precoded and expressed in matrix form as 11 indicates the first sample of an SEFDM signal from the first antenna whilex 21 is the first sample of an SEFDM signal from the second antenna.
IV. EXPERIMENT DESIGN AND SYSTEM IMPLEMENTATION
A. Platform Setup
The system architecture and its components connections are shown in Fig. 4 . The experiment is designed for proof-ofconcept of the downlink multiuser eNB-IoT. Therefore, we are not considering massive multiple input multiple output (MIMO) [27] , [28] but a simple system with six transmission antennas in a realistic indoor wireless environment. For simplicity, we only test a two user case. The channel is timeinvariant and no obvious Doppler issues exist since each IoT device is stationary after deployment. We use six NI USRP-RIO 2953R SDR devices to emulate the transmitter and user functions. Each device has two separate and independent RF chains, in which the fist RF chain is for signal transmission and the other one is for signal reception.
In order to synchronize six USRPs in both frequency and time, a CDA-2990 8-channel clock distribution OctoClock module is used. It can split and amplify a 10 MHz reference signal and a pulse per second (PPS) signal to support up to eight USRPs. Raw digital data is generated by LabVIEW in a control host and is sent to a cabled PCI-express switch box CPS-8910 via an NI MXI-Express Gen 2 ×8 Cable, which can support up to 3.2 GB/s. The switch box separates the serial data to six data streams, which are sent to six USRPs in parallel. Omni-directional antennas are used in the testbed to verify the precoding feasibility. The realistic experiment testbed operating at 2.4 GHz is presented in Fig. 5 with key system parameters shown in Table I . It should be noted that the SEFDM Type-II signal, shown in Fig. 1 , is used in the experiment. Therefore, to maintain the similar signal bandwidth while achieving higher data rate, the sampling rate for eNB-IoT is higher than that of NB-IoT. Furthermore, for a fair comparison of performance we choose α = 0.9 so that the SEFDM and OFDM signals have almost equal PAPR as shown in Fig. 2 . The control host, illustrated in Fig. 6 , is a computer, which can control the USRP array, such as sending and receiving data from antennas. The floor plan of the control host, base station, and user antennas are illustrated in Fig. 7 . The floor plan shows the simplified illustration of the experiment setup. Other unnecessary equipments and objects are skipped in this illustration. The user antennas in this experiment are labeled with black triangular blocks. For proof-of-concept purposes, two user antennas (Rx antennas), shown in Fig. 8 , are placed in random locations in a room but in line of sight of the base station USRP array, which has six Tx antennas. Distances are varied from a fraction of one meter to around half length of the room which was close to 5 m. For a worst case scenario the two user antennas are placed very closely together and spaced by only 10 cm. For a realistic and better determined path loss and noise modeling for different receiver signal-to-noise ratio (SNR) values, a channel emulator (Spirent VR5) is used as described in Section V-C.
B. Frame Structure
The overhead for frame timing synchronization is not included in the frame structure. The reason is that the experiment is designed for proof-of-concept and it continuously sends and receives signals for the testing. Once the frame is synchronized, the following data frames will not need the frame timing sequence any more. Therefore, we remove this kind of overhead, which is only used once in this experiment.
In this paper, the base station is assumed to have six antennas and provide services to two users. The downlink signal is generated in the base station with a designed frame structure and resource block structure illustrated in Fig. 9 . The 10 ms frame is divided into 20 time slots with each one occupies 0.5 ms. The first time slot is reserved for downlink antenna spatial CSI estimation. All the other time slots ranging from 01 to 19 are used for data transmission. Each time slot has seven OFDM/SEFDM symbols as shown in the figure. In order to avoid interference between antennas, the overhead of spatial CSI estimation for each antenna is interleaved at different symbol locations in time. The CSI estimation overhead from the first antenna occupies the first OFDM symbol in one resource block while keeping blank for the following five OFDM/SEFDM symbols, which are reserved for the rest five antennas. All the other five antennas follow the same principle to avoid the overlapping interference. The last OFDM/SEFDM symbol in one resource block from all the six antennas is reserved for the downlink pilos, which are used to compensate for imperfect channel issues, such as power normalization and imperfect timing and phase synchronization [29] . The downlink pilots from all the six antennas are precoded and sent simultaneously. It should be noted that the system is robust to oscillator variation [30] even under the self-created ICI.
In order to get accurate downlink spatial CSI estimate for each antenna, a time-domain orthogonal sounding reference signal (SRS) is used. Thus, antenna spatial interference can be avoided. The SRS frame structure is shown in Fig. 9 . Since the SRSs are interleaved and sent over the air, each user will receive staggered SRS from all of the transmitter antennas. The estimated downlink antenna spatial CSI will be feedback to the transmitter for space precoding. The precoding method used in this paper is in the time-domain, where the channel is assumed to be stable within one OFDM/SEFDM frame transmission. Since we are focusing on a system with six transmitter antennas, therefore, each user just needs to feedback six CSI coefficients and the overhead length is reasonable. In addition, due to the robustness to multipath effect in OFDM/SEFDM, the compensation of this effect is operated at the receiver via the simple one-tap equalizer [31] .
It should be noted that in nonfeedback systems, CSI is obtained based on the channel reciprocity. In addition, multipath effect exists in a practical over-the-air transmission scenario. Therefore, precoding has to be operated on each subcarrier in the frequency-domain with extra signal processing, such as CSI interpolation. However, realistic channels are not perfect reciprocity due to the time-variant analogy components and a lot of efforts have to be allocated to reciprocity calibration. Therefore, instead of using the nonfeedback system architecture, this paper employs a feedback system architecture for simplification of the next generation eNB-IoT.
V. MEASURED RESULTS AND DISCUSSION
In this paper, we evaluate error vector magnitude (EVM) and bit error rate (BER) for received constellation diagrams together with data rate demonstrations. In terms of EVM calculation, we use the reference signal normalization method defined as where I i and Q i are the ith reference in-phase and quadrature symbols, respectively.Ī i andQ i are the ith measured in-phase and quadrature symbols, respectively. K represents the number of symbols used in the EVM calculation.
A. Single-Antenna Single-User
First, we test the typical "SISO-OFDM"-based NB-IoT performance in Fig. 10(a) . Then, we test single-antenna single-user eNB-IoT performance, which is noted as "SISO-SEFDM" in Fig. 10(b) . The SISO-SEFDM experiment is operated on the same testbed shown in Fig. 5 . It should be noted that in order to realize a single-antenna single-user signal transmission, it is straightforward to reconfigure the testbed by blocking five transmitter antennas while transmitting signals on one antenna at the base station. In addition, only one user antenna is maintained for signal reception. Therefore, the single-input single-output (SISO) system architecture follows Fig. 3(a) .
Three modulation formats are tested ranging from 4QAM to 16QAM. In a standard NB-IoT system, the maximum supported modulation format is 4QAM (QPSK). For future potential evolutions, it is not clear whether higher order modulation schemes would be considered or not. Therefore, we explore the upper limit of our proposed eNB-IoT with various modulation formats up to 16QAM. As is shown in Fig. 10(b) , two systems are tested. The column with "Waveform Precoding = 0" indicates no precoding is applied to SEFDM signals. Thus, due to the self-created ICI, the receiver cannot recover the signal properly. It is clearly seen that the constellation points are significantly scattered for various modulation formats. However, applying the waveform precoding in Section III-B, the quality of constellation is greatly improved as shown in the second column in Fig. 10(b) .
It should be noted that with the waveform precoding, the SISO-SEFDM can achieve similar EVM performance as the typical SISO-OFDM, for 4QAM and 8QAM. However, for 16QAM, SISO-SEFDM is 5 dB worse than the SISO-OFDM. The reason for this could be the high constellation density of 16QAM, which challenges the waveform precoding.
B. Multiantenna Multiuser
With multiple antennas included in the system, the spatial interference is introduced and each received data stream is interfered by other parallel signals. Due to the subcarrier orthogonality in OFDM, the performance can be guaranteed without any waveform precoding methods. However, without proper antenna spatial interference cancelation, the signal cannot be easily recovered and the constellation would be greatly interfered. With the MIMO precoding, the spatial interference can be mitigated and clean constellation points are obtained in Fig. 11(a) . For "MU-MIMO-SEFDM" signals, double interference is introduced and signals cannot be decoded properly with one stage precoding. The first column in Fig. 11(b) illustrates clearly that with the MIMO precoding, SEFDM signals can be partially recovered. It shows very similar constellation patterns as the SISO-SEFDM results in Fig. 10(b) . However, with the waveform precoding, the self-created ICI within SEFDM can be removed. The constellation patterns after two stage precoding are shown in the second column in Fig. 10(b) .
It should be noted that with the two stage precoding, the MU-MIMO-SEFDM can achieve similar EVM performance as the typical MU-MIMO-OFDM, for 4QAM and 8QAM but 5 dB worse than the MU-MIMO-OFDM for 16QAM. This discovery is similar to the SISO systems.
C. Bit Rate Evaluation
Effective bit rate, defined as the nonerror bits per second, is calculated in this section to show the benefit of using our designed nonorthogonal signal waveform. Since we are focusing on physical layer system design, the bit rate is calculated only related to the signal occupied bandwidth and BER. The effective bit rate is defined as follows:
where R e is the effective bit rate, f s is sampling rate, O is constellation cardinality, BER is the bit error rate, (1 − BER) indicates the probability of nonerror received bits, N d is the number of data subcarriers and N is the number of total subcarriers. Table II summarizes the maximum bit rate for the two systems using different modulation schemes based on the calculation in (18) . It should be noted that the BER, in the calculation, is set to zero. Therefore, (1−BER) is equal to "1" in this case. It is clearly seen that the data rate of eNB-IoT for different modulation schemes is improved by approximately 11% than that of NB-IoT. The data rate improvement is clearly illustrated in Fig. 12 as well.
Due to the limited indoor space, in order to test and compare NB-IoT and eNB-IoT at different SNR levels, a channel emulator VR5, shown in Fig. 13 , is used to emulate noise and distort signals. We assume noise mainly comes from the receiver. Therefore, the two user antennas are connected to the VR5 via two cable extensions. By configuring the VR5, the path loss is set for each user and AWGN with various power levels is added to each received signal. According to the signal characteristics and the VR5 resolution limitations, the receiver bandwidth is set to 180 kHz and the AWGN bandwidth is set to 1.5625 MHz.
The power of transmitted signals from the base station antenna is −35 dBm and the receiver side signal power is set to −40 dBm. Thus, the path loss is 5 dB. Various noise power is configured in order to obtain different SNR values. The measured effective bit rates are therefore shown in Fig. 14 . It is clearly seen that the BER performance collected from the testbed is very similar between the two systems with less than 1 dB gap at all BER levels. Based on the BER values and the calculation in (18) , the effective bit rate of eNB-IoT, after SNR=15 dB, reaches 400 kbit/s while NB-IoT can only reach 360 kbit/s. The measured results verifies the theoretical conclusion in Fig. 12 .
VI. COMPLEXITY ANALYSIS FOR IOT DEVICES
This paper focuses on downlink system design. Therefore, the computational complexity is evaluated only for the receiver side IoT devices. The waveform and space precoding computations are at the transmitter and will not be taken into account as these are carried out at the base station which are typically more computationally resourceful. In addition, the feedback of CSI is not considered in the complexity comparison since it is assumed to be the same for both OFDM and SEFDM uplink channel signals. Therefore, the complexity comparison focuses only on the signal demodulation at the receiver. Since the signal demodulation is the reverse operation of the signal generation, the complexity analysis of signal demodulation would be similar to that of signal generation.
The direct operation is based on (1), where the multiplication of a vector and a matrix has to be computed resulting in high complexity. Then, the specially designed FFT method was described in Section II-B, where a single FFT can be used at the cost of larger FFT size. Furthermore, work in [32] proposed and implemented a pruned version of the single FFT demodulator. Its principle is to avoid zero operations. Thus, the system design is further simplified. Table III presents numerical results of complex multiplication and addition operations for OFDM and SEFDM systems. It should be noted that although the three SEFDM demodulation methods show different computational complexity, however, they lead to the same BER performance and therefore the same effective bit rate over the air. Fig. 15 illustrates the computational complexity of OFDM and SEFDM using different signal demodulation methods. First, it is noted that the numbers of complex additions for all the signal demodulation schemes are higher than that of complex multiplications. Furthermore, it is concluded from the figure that the direct operation of (1) results in the highest computational complexity for SEFDM while the single FFT and the pruned single FFT have similar computational complexity with OFDM.
VII. CONCLUSION
This paper proposed to use a nonorthogonal multicarrier SEFDM signal waveform to enhance the data rate for next generation eNB-IoT. The waveform packs subcarriers closer. Thus, with a higher sampling frequency, the data rate is improved while its occupied signal bandwidth is similar to the orthogonal OFDM waveform. Waveform precoding is used to remove the self-created ICI within the nonorthogonal waveform. In addition, space precoding has to be used as well when multiple antennas are used. Measured EVM of different modulation schemes is first compared between different systems. Results showed that for modulation formats, such as 4QAM and 8QAM, eNB-IoT achieves the same performance as the NB-IoT in both single antenna and multiple antenna scenarios. For higher order modulation format, such as 16QAM, eNB-IoT performs slightly worse than NB-IoT due to its high constellation density. Effective bit rate is calculated based on practical BER values. Results showed that ∼11% data rate improvement is achieved using eN-IoT compared with NB-IoT in different modulation schemes. Furthermore, computational complexity of each system is calculated and compared in terms of complex multiplications and additions. Numerical results showed similar computational complexity of both eNB-IoT and NB-IoT. To summarize, the newly proposed eNB-IoT downlink framework can achieve ∼11% data rate improvement than NB-IoT with approximately the same receiver computational complexity.
